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Summary
DNA and RNA frequently form various branched inter-
mediates that are important for the transmission of
genetic information. Helicases play pivotal roles in the
processing of these transient intermediates during nu-
cleic acid metabolism. The archaeal Hef helicase/
nuclease is a representative protein that processes
flap- or fork-DNA structures, and, intriguingly, its C-ter-
minal half belongs to the XPF/Mus81 nuclease family.
Here, we report the crystal structure of the helicase
domain of the Hef protein from Pyrococcus furiosus.
The structure reveals a novel helical insertion between
the two conserved helicase core domains. This posi-
tively charged extra region, structurally similar to the
“thumb” domain of DNA polymerase, plays critical
roles in fork recognition. The Hef helicase/nuclease
exhibits sequence similarity to the Mph1 helicase
from Saccharomyces cerevisiae; XPF/Rad1, involved
in DNA repair; and a putative Hef homolog identified
in mammals. Hence, our findings provide a structural
basis for the functional mechanisms of this helicase/
nuclease family.
Introduction
Genetic information in living organisms is stored in the
form of double-stranded DNA, which is passed on to
the next generation through replication and cell divi-
sion. Various cellular processes require readout of the
genetic information, and duplication of the genetic in-
formation is necessary for the two daughter cells. Dur-
ing such DNA transaction processes, duplex DNA is un-
paired to form various branched molecules. DNA
replication produces replication forks, and DNA recom-
bination produces D-loops, flap structures, and Holli-
day junctions (Kornberg and Baker, 1991; Kowalczy-
kowski, 2000). In DNA repair processes, the bases near*Correspondence: morikawa@beri.or.jp
4 Present address: Research Institute of Molecular Pathology, Dr.
Bohrgasse 7, A-1030 Vienna, Austria.a DNA lesion are unpaired to produce repair bubbles
(de Laat et al., 1999). RNA also forms similar branched
molecules during splicing, translation initiation, and
gene silencing. Helicases play vital roles in the forma-
tion and processing of these irregularly structured DNA
and RNA molecules.
Several helicases are known to be involved in
branched molecule processing. Bacterial RecG recog-
nizes a stalled replication fork and converts it to a Holli-
day junction, to rescue stalled replication by activating
damage bypass pathways (McGlynn and Lloyd, 2001).
The RuvABC proteins also function in a similar manner
in the processing of Holliday junctions in bacteria. For
instance, the RuvABC resolvasome complex promotes
homologous recombination by migrating the Holliday
junction to expand the heteroduplex region (reviewed
in Shinagawa and Iwasaki, 1995; West, 1997). Of the
three proteins, RuvB functions as a motor protein to
move the junction point. RecQ proteins are also in-
volved in replication-coupled repair to maintain geno-
mic stability (reviewed in Oakley and Hickson, 2002).
RecQ can recognize the Holliday junction and migrate
the junction point. It forms a complex with Topoisomer-
ase III and plays a critical role in the maintenance of
genome integrity during DNA replication.
Structure analyses of RecG, RuvB, and RecQ have
revealed intriguing similarities and differences. RecG
and RecQ belong to the superfamily 2 helicase (SF2)
family and share the common helicase fold (Singleton
et al., 2001; Bernstein et al., 2003). On the other hand,
RuvB contains ATPase motifs found in the AAA+ (ATPase
Associated with various processes) family proteins
(Neuwald et al., 1999). The helicase folds in RecG and
RecQ encompass the two RecA-like folds, which carry
the conserved helicase motifs crucial for ATP hydroly-
sis and DNA translocation. By contrast, RuvB consists
of a single RecA-like ATP binding domain and forms a
hexameric ring, in which the “arginine finger” plays a
crucial role in ATP hydrolysis in trans (Putnam et al.,
2001; Yamada et al., 2001). In addition to these helicase
or ATPase folds, all three proteins contain additional
domains that are likely to contribute to DNA binding.
RecG contains the β barrel domain, which is important
for DNA junction recognition and is shared by RuvA,
a Holliday junction binding protein. RuvB contains the
winged helix motif, as found in Escherichia coli catabo-
lite gene activating protein (CAP) (Schultz et al., 1991,
reviewed in Gajiwala and Burley, 2000). Interestingly,
RecQ contains the winged helix DNA binding domain
and HRDC domain, in addition to a zinc binding do-
main. The HRDC domain is structurally similar to auxil-
iary DNA binding domains in the E. coli Rep and Bacil-
lus stearothermophilus PcrA helicases (Subramanya et
al., 1996; Korolev et al., 1997). These structural analy-
ses revealed the general feature that branch-recogniz-
ing helicases consist of ATP-hydrolyzing motor domains
and additional DNA binding domains.
Hef was recently identified as a helicase/nuclease from
the hyperthermophilic archaeon Pyrococcus furiosus (Ko-
mori et al., 2002). Sequence analyses of Hef revealed that
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144the full-length polypeptide contains an SF2 helicase do- D
amain in the N-terminal two-thirds (1–546 residues) and an
XPF/Mus81-type nuclease domain in the C-terminal one- n
sthird (547–763 residues) (Figure 1A). Biochemical analy-
ses of Hef indicated that both the helicase domain and
sthe nuclease domain independently recognize branched
DNA, with a strong preference for the forked structure i
M(Komori et al., 2002). We previously reported the crystal
structure of the Hef nuclease domain (residues 551–679), w
pwhich provided important insights into the molecular
mechanisms of DNA substrate recognition and cleavage (
o(Nishino et al., 2003). This study also revealed that the Hef
nuclease domain can be further divided into a nuclease c
fsubdomain (residues 547–688) and a helix-hairpin-helix
subdomain (residues 689–763), both of which are required p
mto exhibit the full cleavage activity for fork-structuredFigure 1. Crystal Structure of Hef Helicase
(A) Hef domain organization. Three structural domains of Hef are indicated by ovals. The N-terminal helicase domain forms Hef helicase,
whereas the C-terminal nuclease and HhH domains form Hef nuclease. Structural domains within the helicase region are colored differently.
(B) Overall structure of Hef helicase. Three structural domains are colored differently. Domain 1 is shown in red, domain 2 is shown in green,
and domain 3 is shown in blue. Bound phosphate is shown as a ball-and-stick model. Disordered loop in domain 3 is shown as dotted line.
(C) Close-up view of the helicase motifs and the bound phosphate. Motif I (magenta), Motif II (cyan), and Motif VI (yellow) are denoted by
different colors. Side chains involved in phosphate recognition and domain-domain interactions are shown by a ball-and-stick model.
(D) Structure-sequence alignment. Primary sequences of Hef (Pyrococcus furiosus), Mph1 (Saccharomyces cerevisiae), KIAA1596 (Homo
sapiens), two Dicer proteins (Caenorhabditis elegans and Drosophila melanogaster), Helicard (Mus musculus), and RIG1 (Homo sapiens) are
shown. The alignment was carried out by using ClustalW, with manual corrections. Identical residues are colored yellow, and conserved
residues are colored green. Helicase motifs are boxed with Roman numeral numbering on top. Arrowheads on the top of the sequences
indicate mutation sites of Hef. Helices are shown as cylinders, and β strands are shown as arrows. The coloring of the domains is the same
as in (B).NA. It was also shown that both the folding patterns
nd the coordination mode of the active site of the Hef
uclease domain strikingly resemble those of Type II re-
triction endonucleases.
The primary sequence of the Hef helicase domain is
imilar to that of the Mph1 helicase of S. cerevisiae and
ts homologs in other eukaryotes (Komori et al., 2002).
ph1 was identified as a mutator gene product, and it
as suggested that Mph1 is involved in a novel repair
athway, although its precise function is still unknown
Scheller et al., 2000). To clarify the structure and function
f the Hef helicase family at the atomic level, we have
arried out a crystallographic analysis of the Hef helicase
rom P. furiosus. The structure revealed that it is com-
osed of three structural domains. The overall arrange-
ent of the two domains with the RecA-like fold is
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145similar to those of other helicases. The Hef-specific do-
main, which is inserted between these two, folds like
the “thumb” domain of polymerase. This domain, which
has not been seen in the other helicases, plays an im-
portant role in branched structure processing, as found
by the biochemical analyses.
Hef helicase shows sequence similarity to Helicard,
which is involved in the apoptotic pathway, and the
Dicer helicase, which is crucial for gene silencing. We
have also found Hef homologs, containing the helicase
domain fused with the XPF/Rad1/Mus81 nuclease do-
main, in the human and rat genomes. These helicases
are likely to possess similar insertions and could func-
tion in the processing of similar branched DNA mole-
cules. Thus, our findings provide important structural
insights into the recognition and processing mecha-
nisms of branched nucleic acids by this family of pro-
teins.
Results and Discussion
Structure Determination
We initially crystallized the Hef helicase domain
(HefN546, residues 1–546), which is directly linked to
the next nuclease domain. However, the X-ray diffrac-
tion from this crystal was limited to about 6 Å. There-
fore, we made a further truncated protein ranging from
residues 1 to 494 (HefN494). HefN494 contained all of
the conserved helicase motifs and retained one-tenth
of the helicase activity and ATPase compared to N546;
nevertheless, the substrate specificity was very similar
(Supplemental Figure S1; see below) (Komori et al.,
2004). Crystals from HefN494 diffracted to 2.9 Å. The
structure was solved by MIR phasing by using the mer-
cury and platinum derivatives, and it was refined to a
crystallographic R factor of 25.7% (Rfree = 28.6%) at
2.9 Å resolution (Table 1). The asymmetric unit of theTable 1. Data Collection
Native MeHg 1 MeHg 2 PIP
Wavelength (Å) 1.25 1.00 1.00 1.00
Resolution (Å) 2.9 4.0 3.5 3.7
Completeness (%)a 99.3 (93.8) 99.9 (99.9) 99.7 (100) 99.9 (100)
Rmergea,b (%) 0.069 (0.482) 0.12 (0.395) 0.071 (0.428) 0.067 (0.393)
Number of sites — 12 12 4
Mean FOM 0.49
Unique reflections 92,430 35,109 54,025 45,039
Refinement Statistics
Resolution (Å) 20.0–2.9
Protein atoms (average B
value)
22,840 (63.64)
Solvent molecules (average B
value)
49 (28.93)
Ion molecules (B value) 6 (108.1)
R factor/Rfree (%) 25.7 (42.2)/28.6 (44.8)
Rms bond lengths (Å) 0.0088
Rms bond angles (°) 1.39
Ramachandran plot
Most favored 90.8%
Allowed 9.2%
a Numbers in parentheses represent statistics in the highest resolution shell (3.0–2.9).
b R factor = Σ|Fobs − Fcalc|/Σfobs, where Fobs and Fcalc are the observed and calculated structure factor amplitudes, respectively. Rfree was
calculated by using a randomly selected 10% of the data set that was omitted through all stages of refinement.crystal contained six molecules with D3 symmetry
(Supplemental Figure S2A). We presume that this hex-
americ arrangement is caused by crystallographic
packing but has nothing to do with the helicase func-
tion, because HefN546 was observed as a monomer in
solution, whereas HefN494 eluted as a higher molecular
weight peak in gel filtration (data not shown). Consis-
tent with this observation, the C-terminal region of the
HefN494 participates in a noncrystallographic dimer
interface, which would normally be occupied by the
next residues in HefN546 or the intact Hef protein (Sup-
plemental Figure S2B). Thus, it is very likely that the
functional form of the Hef helicase domain is mono-
meric, as observed with other SF2 helicases.
Overall Structure of the Hef Helicase
The Hef helicase domain consists of three structural
subdomains (Figures 1B and 1D). In agreement with
other SF2 helicase members, domain 1 (1–195, red) and
domain 3 (195–210 and 342–485, blue) are each folded
into the RecA-like architectures with the conserved hel-
icase motifs (reviewed in Caruthers and McKay, 2002).
Domain 1 is composed of a contiguous polypeptide
folded into a seven-stranded parallel β sheet flanked
by eight α helices. This domain contains the helicase
motifs I, Ia, II, and III. Domain 3 forms a similar six-
stranded β sheet flanked by six α helices. This domain
contains the helicase motifs IV, V, and VI. All of these
helicase motifs are located in the cleft formed between
the two domains, as found in the other helicases. In-
triguingly, a phosphate ion was bound to motif Ia in our
structure (Figure 1C). Presumably, this bound phos-
phate would be derived from the spontaneous hydroly-
sis of ATP added to the crystallization buffer. Consis-
tent with this notion, this electron density was missing
from the corresponding position in the crystal that grew
Structure
146Figure 2. Hef and Taq DNA Polymerase Structural Comparison
Stereo view of Hef domain 2 (residues 213–337, green) and the taq DNA polymerase thumb domain (pdb code 3ktq, residues 454–599, blue),
shown in a ribbon diagram.as a different form of HefN494 from an ATP-free solu- l
ation (T.N. and K.M., unpublished data).
wDomain 2 (211–341, green) is an insertion into domain
i3. It is composed of six α helices that are tightly assem-
bled into a hydrophobic core. The surface of domain 2,
dfacing domains 1 and 3, is positively charged, suggest-
sing that it is a potential DNA binding region. The con-
atact between domains 2 and 3 is limited to several ionic
pinteractions, and thus domain 2 is relatively mobile. Su-
rperposition of the six noncrystallographic, symmetry-
trelated molecules indicates that domain 2 rotates
aagainst domains 1 and 3 by hinge bending motion,
rwhereas the orientation between domain 1 and domain
t2 is unchanged (Supplemental Figure S3). Notably,
rLys264, lying at the tip of domain 2, shows about 4 Å
sshifts among the six molecules. Similar but more dras-
etic movements of the insertion domains, which appear
mto be coupled with substrate DNA binding, were ob-
sserved in other SF1 family helicases (Korolev et al.,
s1997; Velankar et al., 1999).
a
m
Structural Comparison with Other Helicases a
Sequence analyses of the Hef helicase classified this T
protein as a member of the SF2 helicase family (Gorba- m
lenya and Koonin, 1993). The search for structural i
neighbors of Hef within the DALI structural database g
(Holm and Sander, 1993) revealed that the closest pro- 1
tein was initiation factor 4A (DALI Z score = 19.3, f
trmsd = 2.5 Å for 179 Ca atoms) and its Archaeal homo-og (DALI Z score = 19.1, rmsd = 3.3 Å for 243 Ca
toms), followed by an AAA+ family protein and RecA
ith lower similarities. Notably, the homologous region
s confined to the helicase core fold.
Helicases usually contain highly divergent insertion
omains, which confer functional specificity. These in-
ertions often contain several DNA binding motifs that
re shared with nonhelicase proteins. A structural com-
arison of domain 2, by using the DALI server, failed to
eveal any similar structures to other helicases. Instead,
he thumb domain of Taq DNA polymerase exhibited
rchitectural similarity to domain 2 (DALI Z score = 4.2,
msd = 2.9 Å for 84 Ca atoms) (Figure 2). DALI provides
he significance of the match given as a Z score and a
oot-mean-square deviation (rmsd) of the three-dimen-
ional alignment. The Z score is a composite of several
valuations, including rmsd and the number of residues
atched. A score less than 2.0 means that the two
tructures do not significantly match, while a very
trong match shows a score greater than 10.0 (Holm
nd Sander, 1998). Thus, it can be judged that Hef do-
ain 2 and the thumb domain are structurally related,
lthough their primary sequences are not conserved.
he thumb domain protrudes from the core palm do-
ain, and it is involved in double-stranded DNA binding
n such a way that it grips the DNA from the minor
roove in the DNA polymerase structure (Kim et al.,
995; Li et al., 1998). The relative orientations of the
our helices in Hef domain 2 are quite similar to that of
he thumb domain. These helices form the backbones
Crystal Structure of Hel Helicase Domain
147of each Hef domain 2 and thumb domain. The major
difference between the two is confined to additional in-
sertions present in the thumb domain. The thumb do-
main contains a β hairpin after the first two helices and
a second β hairpin preceding the last helix. These two
β hairpins appear to jointly bind DNA. Hef domain 2
does not have the hairpins, and, instead, the equivalent
region of the second hairpin is substituted by two addi-
tional helices. Interestingly, in Hef domain 2, these two
hairpins are each replaced by a pair of two consecutive
lysine residues (K248K249 and K302K303), which may
play a role in DNA binding.
The position of the insertion domain also varies
among helicases and thus serves for further classifica-
tion of the helicase. The Hef domain 2 is inserted be-
tween α8 and β14 of domain 3. As for the other SF2
helicase members, especially those that recognize
branched structures, RecG contains an insertion before
the helicase core, whereas RecQ has insertions after
the core. In contrast, the SF1 family helicases contain
multiple insertions protruding from both domains. Su-
perposition of the SF2 helicase structures, which pro-
vides the information about the relationship between
the core helicase fold and the insertion domains, indi-
cates that the insertion positions of the extra domains
are highly divergent among Hef and the two other heli-
cases (Figure 3). Hef domain 2 is situated above do-
main 3, whereas the insertion domain lies above do-
main 1 in RecG. Intriguingly, the insertion domains of
RecQ are positioned next to the core helicase domains.
It appears that the large mobility of these insertion do-Figure 3. Structural Comparisons between Hef, RecG, and RecQ
Two orthogonal views of Hef helicase (left), RecG (middle, pdb code 1gm5), and RecQ (right, pdb code 1oyy) are shown in a ribbon diagram.
The coloring scheme is the same as in Figure 1. N-terminal helicase fold, red; C-terminal helicase fold, blue; additional domains, green.
Proteins were superimposed on Hef helicase, based on the similarity of their helicase core domains.mains is required to adjust their positions upon DNA
binding. The crystal structure of RecG in complex with
a fork-structured DNA revealed how the insertion do-
main contributes to specific recognition of the branched
DNA structure (Singleton et al., 2001). The β barrel in
the insertion domain recognizes the junction through a
stacking interaction with several aromatic residues in
RecG. The helicase core domains are proposed to
function by translocating themselves along the duplex
DNA. On the other hand, the complex structure is not
yet available for RecQ. However, both the winged helix
motif and the HRDC domain are likely to bind double-
stranded DNA. Thus, RecQ is likely to use its insertion
domains to recognize duplex DNA, while it uses core
domains to recognize single-stranded DNA regions
(Bernstein et al., 2003). It will be discussed in the
following sections how Hef recognizes and processes
branch-structured DNA.
Hef Helicase Homologs in Eukaryotes
We previously reported that the Hef helicase sequence
is most similar to that of the Mph1 helicase from
S. cerevisiae and its homologs (Komori et al., 2002).
Mph1 appears to be involved in the DNA repair pathway
to prevent mutations (Scheller et al., 2000), although its
real function is elusive. Whereas the sequence conser-
vation between Hef and Mph1 is most prominent in the
helicase core folds, weak conservation is also observed
in the domain 2 region (29% identity and 47% homol-
ogy between Hef and Mph1 helicase). A secondary
structure prediction implied that the distribution pat-
Structure
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Figure 4. Mutational Analyses of Hef Helicase
(A) Ribbon diagram of the Hef helicase domain colored as in Figure
1B. Side chains of the mutated residues are shown in yellow. d
(B and C) (B) Fork-structured DNA and (C) Holliday junction dissoci- g
ation by Hef helicase. HefN546 and mutant proteins (5 or 50 nM) swere each incubated with 2 nM 32P-labeled fork-structured DNA
twith a (B) gap (FG4) or (C) Holliday junction DNA (HSL) in helicase
ibuffer at 37°C or 55°C, respectively, for 30 min. The products were
analyzed by 12% PAGE, followed by autoradiography. The struc- a
tures of the substrates and products are indicated by the sche- m
matic representations, and the asterisks in the schemes indicate h
32P-labeled strands. 1
1
pterns of several α helices are similar between the inser-
ttion segments of the Mph1 and Hef helicases (data not
ishown). Therefore, it is possible that Mph1 also forms
dthe thumb-like domain for specific DNA recognition. In
daddition, a database search showed that human gene
hKIAA1596 encodes a protein of 2014 amino acids and
tcontains the Mph1-like DEAH helicase domain at its N
terminus and the XPF/Mus81 nuclease domain at the C
terminus. Thus, its structure is similar to that of Hef. M
DSimilar genes also exist in rat and in mouse. Sequence
comparisons and the secondary structure predictions w
irevealed that the domain 2 regions of these eukaryotic
proteins are similar to that of Hef (Figure 1D) (30% iden- i
itity and 52% homology between Hef and KIAA1596).
These high structural similarities suggest that the eu aaryotic genes are the orthologs of the archaeal hef
ene. Thus, it will be interesting to investigate whether
he KIAA1596 protein can recognize and process fork
r flap structures.
Several other helicases also belong to the Hef/Mph1
amily. Among them is the mammalian Helicard (24%
dentity and 43% homology between Hef and Helicard)
r RIG1 (25% identity and 43% homology between Hef
nd RIG1), involved in the apoptosis pathway (Kovac-
ovics et al., 2002; Huang et al., 2000), and the Dicer
elicase/nuclease (26% identity and 42% homology
etween Hef and C. elegans Dcr1), involved in tran-
cription silencing (Bernstein et al., 2001; Nykanen et
l., 2001). However, the primary sequences are highly
ivergent between Hef and these proteins, except for
he helicase core domains. Nonetheless, it is interesting
o note that all of these helicases contain similar inser-
ions at the position corresponding to domain 2. These
roteins may have evolved from the same ancestor as
ef and then acquired the insertion domains to increase
he specificity for substrate recognition.
XPF, involved in the human nucleotide excision repair
athway, also contains the N-terminal helicase-like do-
ain and the C-terminal nuclease domain. XPF forms
heterodimer with ERCC1 through the nuclease do-
ain, as found in the Hef nuclease homodimer (de Laat
t al., 1998; Nishino et al., 2003), and recognizes
ranched DNA structures, such as flap and repair bub-
le structures. Sequence analyses indicated that Hef is
ikely to be an ancestor of XPF, although the helicase
otifs in this protein have been replaced by other
mino acids, and hence it can no longer function as an
ctive helicase (Sgouros et al., 1999; Aravind et al.,
999). The nuclease domain exhibits clear sequence
onservation between Hef and XPF, in which the con-
erved residues are involved in the nuclease activity
Sgouros et al., 1999; Aravind et al., 1999; Enzlin and
charer, 2002; Nishino et al., 2003). As for the helicase
omain, Hef and XPF contain some homologous re-
ions in domain 1. However, the alignment indicates no
ignificant homology in domain 2 and domain 3, al-
hough the two helicase domains share a similar length
n the primary structure. Intriguingly, previous sequence
nalyses reported the presence of several leucine-rich
otifs or a leucine zipper in the central region of the
elicase-like domain in XPF or Rad1 (Brookman et al.,
996; Sijbers et al., 1996; Schneider and Schweiger,
991). This region was postulated to serve as a protein-
rotein interaction domain. However, given the func-
ional similarity between Hef and XPF/Rad1, this region
n XPF may constitute the domain corresponding to Hef
omain 2. It remains unknown whether the helicase-like
omain in XPF could recognize fork structures by itself;
owever, it is possible that this domain might reinforce
he substrate specificity of the nuclease domain.
utational Analyses of the Hef Helicase Domain
omains 1 and 3 in Hef contain amino acid residues,
hich are conserved among helicase proteins and are
mportant for the helicase activity. On the other hand,
nsertion domains may assist the helicase function by
ncreasing substrate specificity in the helicase proteins
s discussed above. Thus, to clarify the functional role
Crystal Structure of Hel Helicase Domain
149Figure 5. DNA-Dependent ATPase Activity by Hef Helicase
(A–C) ATPase activities of (A) HefN546, (B) HefN546/R371E, and (C)
HefN546/d2. Purified HefN546 and mutant proteins (each at 50 nM)
were incubated with 1 mM (A) or 0.05 mM (B and C) ATP and
[α-32P]ATP (25 pCi/l) in cleavage buffer, in the presence or absence
of duplex DNA (D, 400 nM), fork-structured DNA (FM, 400 nM), and
Holliday junction DNA (HSL, 400 nM) at 60°C for 0, 5, 10, 15, 20,
30, 40, and 60 min. Aliquots of reactions were analyzed by thin
layer chromatography. The amounts of ATP and ADP were quanti-
fied from the autoradiograms by using a laser-excited image ana-
lyzer (BAS5000, Fuji Film). The graph was plotted according to the
amount of ADP formed by the hydrolysis of ATP, after subtraction
of the background radioactivity from the reaction without protein
at each point.of domain 2 in Hef, mutational analyses were carried
out. First, we tried to delete the entire region of domain
2 by linking β8 and α15 of domain 3 (HefN546/d2). The6 Å distance between their two ends is close enough
to connect them to each other without a long insertion.
HefN546/d2 retained its heat stability and was suc-
cessfully purified by using a similar protocol to that of
wild-type Hef (data not shown). The Hef helicase shows
the structure-specific helicase activity, which dissoci-
ates synthetic fork structures or synthetic Holliday
junctions (Komori et al., 2004). Measurement of the heli-
case activity, by using a synthetic fork, revealed that
HefN546/d2 could not dissociate the fork-structured
DNA substrates (Figure 4B). In contrast, Holliday junc-
tion DNA was dissociated by HefN546/d2 with a 3-fold
decrease in the activity (Figure 4C). Next, we tried to iden-
tify which area in the domain 2 region is responsible for
the loss of helicase activity, and we thus introduced
several point mutations into the two consecutive lysine
pairs, Lys248-Lys249 and Lys301-Lys302, to examine
the effects of these basic patches (Figure 4A). We have
mutated these consecutive lysine patches to the nega-
tively charged residue, glutamate, which should disturb
the potential DNA binding interface. As expected, both
of the two mutant proteins, HefN546/K248EK249E and
HefN546/K301EK302E, showed drastic decreases in
the helicase activities for the fork-structured DNA, and
HefN546/K248EK249E showed a small decrease in ac-
tivity for Holliday junction DNA, which is consistent with
the results with HefN546/d2 (Figures 4B and 4C).
These data suggest that domain 2 dictates the recogni-
tion of specific DNA structures, especially fork-struc-
tured DNA.
We also explored whether any basic residues on do-
mains 1 and 3 are involved in the helicase activity. We
focused on charged residues that are exposed to the
solvent and could contact DNA. Conserved basic resi-
dues Arg136 and Arg371 are located on potential DNA
binding surfaces of domains 1 and 3, respectively (Fig-
ure 4A). Arg136 is conserved among Hef, Mph1, and
KIAA1596, whereas Arg371 is more extensively con-
served among this helicase family, including Helicard
and Dicer, as well as other SF2 helicases, such as RecQ
(Figure 1D and data not shown). Therefore, we replaced
each of these residues with glutamate to examine their
function. Analyses of the helicase activity, by using a
synthetic fork-structured DNA, showed that both the
HefN546/R136E and HefN546/R371E mutant proteins
exhibited strikingly reduced activities (Figure 4B). In-
triguingly, when we measured the same activity by
using a Holliday junction, R136E retained the weak heli-
case activity (3-fold decrease), whereas R371E com-
pletely lacked the activity (Figure 4C). Arg136 lies near
helicase motif II, involved in ATP hydrolysis, while
Arg371 is located in the close vicinity of helicase motif
IV, which is crucial for DNA binding. Thus, both of these
residues are likely to participate in fork-structured DNA
binding, although Arg371 seems to play a more pivotal
role. In contrast to these residues, the substitution of
arginine for Gln9, which is involved in the crystallo-
graphic contact and is located on the other side of the
surface, did not affect the helicase activity with either
substrate (Figures 4B and 4C; and Supplemental Fig-
ure S2C).
The mutational analyses indicated that both domains
2 and 3 are crucial for the structure-specific helicase
activity. To obtain more insights into the roles of these
Structure
150Figure 6. Models of Hef in Complex with
Branched Structure DNA
Hef is shown as the surface representation
whose orientation is the same as in Figure
1B. The surface was colored according to its
electrostatic surface potential at + or − 10 kB
T/e for positive (blue) or negative (red)
charge potential by using the program
GRASP (Nicholls, 1993). DNA is shown as
schematic double helices.
(A) Model 1. Domain 2 interacts with the
double-stranded region of the branched
structure, and the fork-structured DNA is
recognized by the coordinated action of all
three domains.
(B) Model 2. Domain 2 directly interacts with a moiety near the junction, and the helicase core domains support double- or single-stranded
DNA binding in a mode similar to the case of RecG.domains in the recognition of a specific DNA struc- c
lture, we measured the ATPase activities of HefN546,
HefN546/d2, and HefN546/R371E in the presence of n
Rvarious DNA substrates, because Hef helicase exhibits
the highest stimulation of ATPase activity in the pres- h
mence of fork-structured DNA (Komori et al., 2002). All
three of the proteins showed similar degrees of ATP R
thydrolysis in the absence of DNA, suggesting that the
mutant proteins could be correctly folded into the na- a
ptive architecture (Figure 5). HefN546 showed an 8-fold
stimulation of the ATPase in the presence of dsDNA s
m(Figure 5A). When branched DNAs were used as sub-
strates, the stimulation was even more remarkable. For s
oinstance, the Holliday junction and fork-structured DNAs
enhanced the ATPase activity by 150-fold and 200-fold, m
Drespectively (Figure 5A). Interestingly, HefN546/R371E to-
tally lost the ability to be stimulated by double-stranded,
Holliday junction, or fork-structured DNA, indicating that F
Sthis mutant can no longer bind these DNAs (Figure 5B).
In contrast, HefN546/d2 retained the ability to increase H
cits ATPase activity by DNA; however, the stimulation was
dramatically reduced. (Figure 5C). Double-stranded DNA H
fstimulated the ATPase activity of HefN546/d2 by 4-fold,
whereas Holliday junction and fork-structured DNA en- s
ehanced the activity by 6-fold and 14-fold, respectively.
Considering the Holliday junction, the decrease in the sti- t
pmulation of ATPase activity in HefN546/d2 (150-fold to
6-fold) is far greater than what was observed in the heli- a
scase assay, which caused only a 3-fold decrease. We
presume that this difference might have been caused a
aby the protein-substrate ratio used in the reactions. In
the helicase assay, we have used more protein (5 nM H
sor 50 nM) than substrate DNA (2 nM), whereas in the
ATPase assay, we used a limited amount of protein as
ccompared to ATP (1:1000 or 1:20000). Thus, an exces-
sive amount of protein in the helicase assay might have t
mdissociated Holliday junctions; thereby, this excess
may make it difficult to differentiate the helicase activity H
Hof wild-type Hef and HefN546/d2 from this reaction
condition. Nonetheless, these results support the idea n
cthat domain 2 is responsible for the specific recognition
to the branched DNA in Hef helicase. i
iIt remains unclear how Hef domain 2 participates in
branched structure recognition. Given the similarity of t
othis domain with the thumb domain of DNA polymerase
and the positively charged surface, it is possible that c
edomain 2 binds the double-stranded DNA. In this case,oordinated DNA binding by domain 2 and the core he-
icase domains might enable Hef to specifically recog-
ize the branched structure, as proposed in the case of
ecQ (Figure 6A) (Bernstein et al., 2003). On the other
and, it is also possible that domain 2 might play a
ore direct role in junction recognition, as shown in the
ecG-junction DNA structure (Singleton et al., 2001). In
his case, the core helicase would act as translocase
long the duplex (Figure 6B). In either case, domain 2
lays a major role in the recognition of the branched
tructure, and the coordinated binding of three do-
ains is required for efficient processing. Further
tudies on DNA binding properties and determination
f the Hef-DNA complex structure should elucidate the
ore detailed recognition mechanism of this branched
NA-specific helicase.
unctional Role of Hef Helicase in Branched
tructure Processing
ef helicase and Hef nuclease can independently re-
ognize branched DNA structures (Komori et al., 2002).
owever, as compared to the mixture of two separate
ragments, the fusion protein can accelerate the fork-
pecific nuclease activity as much as 16-fold, and this
ffect is even more remarkable at a low protein concen-
ration (Komori et al., 2004). Hef nuclease alone acts
oorly on a substrate with gaps, whereas Hef helicase
lone works more efficiently on gap-containing DNA sub-
trates. This suggests that the two regions of Hef work in
cooperative manner to convert DNA substrates to the
ppropriate structures for cleavage. It is thus likely that
ef helicase plays a critical role in producing gapless
ubstrates for the subsequent nuclease action.
Upon replication arrest, fork-structured DNA may be
onverted to a small Holliday junction by regression of
he fork (reviewed in Cox, 2001; Flores et al., 2001; Kuz-
inov, 2001). Our biochemical analyses indicate that
ef helicase can process both fork-structured DNA and
olliday junctions. While the Hef nuclease alone does
ot act on Holliday junctions, the full-length Hef can
onvert the Holliday junction to the fork structure and
ntroduce an incision (Komori et al., 2004). Interestingly,
n the case of the fission yeast Mus81-Eme1 complex,
he recombinant protein preferentially processes a fork
r flap structure, whereas the TAP-tag-purified native
omplex is also able to process the Holliday junction
fficiently (Gaillard et al., 2003). Therefore, it is possible
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151that some unknown proteins may additionally associate
with the Mus81-Eme1 complex and assist in Holliday
junction processing by a similar action to that of the
Hef helicase.
Conclusion
Our structural and mutational studies on Hef helicase
revealed the functional aspects of its molecular archi-
tecture, where the insertion domain, which is similar to
the thumb domain of DNA polymerases, is the major
determinant for fork-structured DNA recognition. Hef is
a multidomain protein, in which the helicase is fused to
the nuclease through a long, flexible loop. The two re-
gions with distinct activities appear to operate on the
DNA substrate in a coordinated manner. Similar mecha-
nisms in branched DNA recognition may also be appli-
cable for the DNA excision repair protein XPF, the hu- A
man homolog of Hef (KIAA1596), and perhaps even
Dicer, which is involved in the processing of miRNA
precursors.
Experimental Procedures
Preparation and Crystallization of Hef Helicase Domain
HefN494 was constructed by introducing a stop codon in the plas-
mid vector containing the Hef helicase domain at residue number
495. All of the point mutants of HefN546 were created by using the
Quick Change site-directed mutagenesis kit (Stratagene). HefN546/
d2 was created by introducing two SacI restriction enzyme sites
at the codons at residue numbers 216–217 and 337–338. The SacI
fragment between these two sites was removed by SacI diges-
tion and ligation of the plasmid. HefN546/d2 contained residues
1–215 and 339–546, which are connected by a two amino acid
linker (Ala and Leu). All of the Hef proteins were overexpressed in
E. coli strain BL21(DE3) codon plus RIL (Stratagene). The protein
was purified by following the same protocol as that used for
HefN546 (Komori et al., 2002). The purified HefN494 protein was
concentrated to 1 mM by ultrafiltration (Millipore) in buffer contain-
ing 10 mM HEPES-Na (pH 7.4), 150 mM NaCl, 1 mM ATP, and 10
mM MgCl. HefN494 was crystallized at 20°C by the microbatch
method. Good-quality crystals were obtained when 1 l HefN494
solution was mixed with 1 l 10% PEG 6000 in 100 mM Tricine-Na
(pH 8.0) and 150 mM NaCl. Rectangular crystals appeared within
1 day and were allowed to grow for several days. ATP-free crys-
tals were grown in the same crystallization solution, without ATP
and Mg.
Data Collection and Phasing
Crystals were harvested in a solution containing 10 mM Tricine-Na
(pH 8.0), 300 mM NaCl, and 10% PEG6000. They were cryopro-
tected by adding 1, 5-pentanediol, and X-ray diffraction data were
collected at 100K by using a nitrogen stream. Native, methyl mer-
cury chloride, and PIP (di-iodobis-[ethylenediamine]di-platinum ni-
trate) data were collected at BL38B1 (SPring8). These data were
processed by the HKL 2000 suite (Otwinowski and Minor, 1997).
The crystal belongs to the space group P21, with unit cell dimen-
sions a = 118.5 Å, b = 165.9 Å, c = 119.2 Å, α = γ = 90°, β = 114.9°,
and it contains six molecules per asymmetric unit. The scaling sta-
tistics are indicated in Table 1. The initial phases were calculated
by MIR by using mercury and platinum data, and the heavy atom
sites were found by using SOLVE (Terwilliger and Berendzen, 1999)
and were refined with SHARP (Fortelle and Bricogne, 1997). After
density modification and NCS averaging, the initial model was built
by using the program QUANTA (MSI). All data between 20 and
2.9 Å resolution were included during CNS refinement (Brunger et
al., 1998). Ten percent of the reflections were kept separate to mon-
itor Rfree and were not included in the refinement. The final refine-
ment statistics are shown in Table 1. The current model contains a
protein region including 22,840 atoms, 6 phosphate ions, and 49
water molecules. Molecule A (398–404, 487–494), molecule B (394–403, 489–494), molecule C (393–404, 489–494), molecule D (311–
313, 392–405, 487–494), molecule E (393–404, 488–494), and mole-
cule F (393–404, 488–494) are disordered in our structure.
DNA Substrates
Various structured DNA substrates were prepared by annealing
synthetic oligonucleotide DNAs in the buffer (40 mM Tris acetate
[pH 7.8], 0.5 mM Mg acetate). The DNA sequence and the combina-
tion of each substrate are indicated. D (Duplex DNA), 5#-AGCTAC
CATGCCTGCACGAATTAAGCAATTCGTAATCATGGTCATTAGCT-3#,
5#-AGCTATGACCATGATTACGAATTGCTTAATTCGTGCAGGCAT
GGTAGCT-3#; FG4 (fork-structured DNA with gap), 5#-AGCTAC
CATGCCTGCACGAATTAAGCAATTCGTAATCATGGTCATAGCT-3#,
5#-AGCTATGACCATGATTACGAATTGCTTGGAATCCTGACGAA,
CTGTAG-3# 5#-CTACAGTTCGTCAGGATTCC-3#, 5#-CCTTAGGAC
TGCTTGACATC-3#; PY (pseudo-Y-structured DNA), 5#-AGCTAC
CATGCCTGCACGAATTAAGCAATTCGTAATCATGGTCATAGCT-3#,
5#-AGCTATGACCATGATTACGAATTGCTTGGAATCCTGACGAA
CTGTAG-3#; FM (fork-structured DNA), 5#-AGCTATGACCATGATT
CGAATTGCTTGGAATCCTGACGAACTGTAG-3#, 5#-CCTACAGTTG
TCAGGATTCC-3#, 5#-AATTCGTGCAGGCATGGTAGCT-3#, 5#-AGCTA
CCATGCCTGCACGAATTAAGCAATTCGTAATCATGGTCATAGCT-3#;
HSL (Holliday junction DNA), 5#-GTGACCGTCTCCGGGAGCTG
CATGTGTCAGAGGTTTTCACCGTCATCACCGAAACGCGCGAGAC
GAAAGG-3#, 5#-CCTTTCGTCTCGCGCGTTTCGGTGATGACGGTG
AAAACCTCTGACACATGGCCAGCCCCGACACCCGCCA-3#, 5#-TGGC
GGGTGTCGGGGCTGGCCATGTGTCAGAGGTTTTCACCGTCAT
CACGCCGAGTTGCTCTTGCCGAGTTGCTCTTGCCGAGTTGCT
CTTGCCGAGTTGCTCTTGCCGAGTTGCTCTTGCCGAGTTGCTCTT
CCGCCGGGCAAGAGCAACTCG-3#, 5#-GCCGAGTTGCTCTTCCGG
CGGGTGATGACGGTGAAAACCTCTGACACATGGCCGAGTTGC
TCTTCAGCTCCCGGAGACGGTCAC-3#.
Helicase Activity Measurements
Purified HefN546 and various mutant proteins (5 nM or 50 nM) were
incubated with 5#-32P-labeled FG4 (fork-structured DNA) or HSL
(Holliday junction DNA) (each at 2 nM) in helicase buffer (5 mM Tris-
HCl [pH 8.8], 5 mM MgCl2, 0.5 mM DTT, 10 mM KCl, 0.1 mg/ml
BSA, 10 mM ATP) for 30 min at 37°C (FG4) or 55°C (HSL) (Komori
et al., 2000, 2002). After phenol extraction, the products were ana-
lyzed by 12% polyacrylamide gel electrophoresis in 1× TAE buffer,
followed by autoradiography.
ATPase Measurements
Purified HefN546 and mutant proteins (each of 50 nM) were incu-
bated with 1 or 0.05 mM ATP and [α-32P]ATP (25 pCi/l) in cleavage
buffer(10 mM Tris-HCl [pH 8.8], 10 mM MgCl2, 0.1 M KCl, 0.1 mg/ml
BSA) in the presence or absence of duplex DNA (D, 400 nM), fork-
structured DNA (FM, 400 nM), and Holliday junction DNA (HSL, 400
nM) at 60°C for 0, 5, 10, 15, 20, 30, 40, and 60 min. Aliquots from
each time point were analyzed by thin layer chromatography. The
samples (1 l) were applied to polyethyleneimine-cellulose plates
(Merck) and were developed in a solution containing 0.5 M formic
acid and 1 M LiCl. The amounts of ATP and ADP were quantified
from the autoradiograms by using a laser-excited image analyzer
(BAS5000, Fuji Film).
Figures 1B, 1C, 3, and 4A were made with POV-Ray and Figure
2 was made with Swiss-PDBViewer.
Supplemental Data
Supplemental Data including figures corresponding to the crystal-
lographic packing of the six noncrystallographic symmetry (NCS)
molecules, a comparison of the six NCS molecules, and HefN494
ATPase and helicase activities are available at http://www.structure.
org/cgi/content/full/13/1/143/DC1/.
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